Bertrand Guillot a) and Yves Guissani With the purpose of clarifying a number of points raised in the experimental literature, we investigate by molecular dynamics simulation the thermodynamics, the structure and the vibrational properties of vapor-deposited amorphous ice ͑ASW͒ as well as the phase transformations experienced by crystalline and vitreous ice under ion bombardment. Concerning ASW, we have shown that by changing the conditions of the deposition process, it is possible to form either a nonmicroporous amorphous deposit whose density ͑ϳ1.0 g/cm 3 ͒ is essentially invariant with the temperature of deposition, or a microporous sample whose density varies drastically upon temperature annealing. We find that ASW is energetically different from glassy water except at the glass transition temperature and above. Moreover, the molecular dynamics simulation shows no evidence for the formation of a high-density phase when depositing water molecules at very low temperature. In order to model the processing of interstellar ices by cosmic ray protons and heavy ions coming from the magnetospheric radiation environment around the giant planets, we bombarded samples of vitreous ice and cubic ice with 35 eV water molecules. After irradiation the recovered samples were found to be densified, the lower the temperature, the higher the density of the recovered sample. The analysis of the structure and vibrational properties of this new high-density phase of amorphous ice shows a close relationship with those of high-density amorphous ice obtained by pressure-induced amorphization.
I. INTRODUCTION
When Burton and Oliver, 70 years ago, 1 showed that the frost resulting from the deposition of water vapor on a cryoplate maintained at liquid nitrogen temperature was amorphous and not crystalline, they could not imagine all the astrophysical implications of this discovery. Nowadays there is every indication that in the outer solar system and in the interstellar medium where the temperature is very low (T р50 K) the most common form of condensed water is amorphous 2, 3 ͑in the inner solar system condensed water is either liquid, as on earth and likely on Europa, or crystalline͒. In the last decade a series of rapidly paced discoveries have completely renewed the scenery of the outer solar system. 4 The latter possesses a disklike structure beyond the orbit of Neptune ͑the Kuiper disk or belt͒ that contains billions of comets made predominantly of amorphous ice, condensed at temperatures below 50 K, as well as tens of thousands of larger bodies with diameters ranging up to hundreds of kilometres and composed of a rocky core and an icy mantle. Far beyond the Kuiper disk, the Oort cloud extends almost halfway to the nearest star and contains on the order of a billion comets with diameters of a few kilometres or more. 5 It is paradoxical that the periodic entry of some of these objects into the inner solar system is considered nowadays as a serious source of hazard for the life on earth ͑as a fatal encounter with a kilometer-sized comet͒, whereas in the early age of the solar system the intense cometary bombardment led to the formation of the oceans and to the spreading of prebiotic organic molecules processed on interstellar grains and at the surface of comets, whose role was likely crucial in the emergence of life. 6 In fact, the building blocks that agglomerate into comets when they are trapped into a protostellar nebula can be observed in dense interstellar clouds. 7 These are dust particles made of silicate grains that are coated with frost composed of water molecules and other volatiles species [8] [9] [10] (CO,CO 2 ,H 2 CO,NH 3 ,CH 3 OH,...). Depending on their environment ͑interstellar medium, dense or diffuse clouds, protostellar nebula͒ the icy grain mantles are energetically and chemically processed by photon irradiation ͑UV͒ and charged particle bombardment 11, 12 (p ϩ ,e Ϫ ,He ϩ ,...). The result of this processing is twofold. First, the structure of the ice may be affected ͑metamor-phism, phase transformation͒ and next, radiation-induced chemical reactions produce radicals and synthesize new molecules. 13, 14 For that reason the laboratory study of astrophysical ice analogs is an active field of research [15] [16] [17] [18] [19] [20] [21] not only focused on product identification but also to give a comprehensive understanding of ice chemistry in various astrophysical environments. Recently it has been shown 22, 23 These experiments suggest that prebiotic molecules can be processed in the interstellar medium, and in the absence of liquid water, and could have been delivered to the early earth during the epoch of the intense cometary and meteoritic bombardment. 6 In summary, as long as water ice at astrophysical conditions ͑very low temperature and pressure͒ is concerned, it is important to understand in detail the properties of amorphous ice when condensed in the conditions prevailing in the interstellar medium, and especially the role played by the temperature of condensation and the modifications induced upon heating. Furthermore, the elucidation of the effects caused by photon irradiation and ion bombardment on the structure of amorphous ice, effects which are barely known at present, may help to understand the complex chemistry taking place in interstellar ices.
Since Burton and Oliver, many experimental studies have been devoted to the elucidation of the thermodynamic, structural, and dynamical properties of vapor-deposited amorphous ice ͑in the following we will use the common acronym ASW for amorphous solid water͒. Thus, it has been reported 24, 25 that, on heating, ASW exhibits a glass-liquid transition near 136 K before crystallizing into cubic ice upon further heating to 150 K. The advent of various methods in the 1980s 26 for vitrifying pure liquid water allowed a demonstration of the similarity of behavior between ASW and hyperquenched glassy water ͑HGW͒ in the glass-liquid transition region. 27 However, at lower temperatures ͑typically 10-100 K͒, a number of studies 28 -32 have shown that thermodynamically, structurally, and dynamically, ASW is distinct from glassy water obtained from the liquid phase. In fact, it turns out that the morphology, and hence the properties of a vapor-deposited amorphous film, is strongly dependent on the experimental conditions. Thus, the use of a supersonic flow of water molecules for deposition 33 causes the formation of clusters in the gas phase while condensing on the cryoplate and gives rise to a highly porous material with a large number of pores and voids. On the other hand, the condensation of water monomers from baffled flow will give a nonporous amorphous deposit. In fact, further investigations have shown that vapor pressure, substrate temperature and the nature of the substrate play a role on the structure of ASW. For instance, increasing the vapor pressure, and hence the growth rate, tends to increase the porosity of the ice film. In the same way a higher porosity is favored by a lower temperature of deposition. 34, 35 On the other hand, the nature and the morphology of the substrate 36, 37 may have an effect on the ice structure ͑corrugation͒ and on the onset of the amorphous-crystal transition at temperatures around Tg. Nevertheless, there is a strong dispersion of the results in the literature and only recently has the main source of conflict been identified. Thus, a series of studies [38] [39] [40] has shown that the morphology of ASW grown by vapor deposition is found to depend strongly upon the angular distribution of the water molecules impinging the substrate surface. At normal incidence a well-collimated molecular beam produces a dense nonporous solid ͑ϭ0.94 g/cm 3 ͒ while at glancing incidence, the deposit is highly porous with an average density that can be as low as 0.16 g/cm 3 . These results allow one to understand why the ͑very common͒ use of a noncollimated effusive beam with a large angular distribution ͑called background deposition͒ leads to ASW samples of various porosity from one author to another. Moreover, the role played by the deposition temperature is found very significant, the lower the temperature, the lower the density of the ice film. By contrast, experiments conducted with collimated beams at normal incidence show no appreciable temperature dependence. 41 Another source of discrepancy between some data comes from the way the density of the amorphous deposit is measured. Diffraction techniques using x-ray, electron, or neutron sources measure the intrinsic density of the material whereas optical interference techniques lead to the effective or average density including pores and voids, a density value that can be much lower than the former one. Thus, it has been reported in the literature by several independent groups using x-ray and electron diffraction experiments [42] [43] [44] that ASW obtained by vapor deposition at very low temperature (Tр30 K) presents a high intrinsic density ͑Ϸ1.1 g/cm 3 ͒, a high-density amorphous phase that transforms sluggishly into a low-density phase ͑Ϸ0.94 g/cm 3 ͒ upon heating in the temperature range 40-70 K. 44 Moreover, the structure of this high-density amorphous phase is characterized by an interstitial peak around 3.4 A on the oxygen-oxygen pair distribution function. This feature is the signature of a higher coordination number in the first shell of neighbors with respect to crystalline ice ͑5 instead of 4͒. However, the formation of a high-density amorphous phase made by vapor deposition is controversial in the literature while that obtained by pressure-induced amorphization of hexagonal or cubic ice, called HDA ice, 45 is well established ͑for a detailed discussion see our companion paper 46 and references therein͒. Thus the vibrational spectrum provided by incoherent inelastic neutron scattering 47 ͑IINS͒ leaves little doubt about the nonequivalence between high-density amorphous ͑HDA͒ ice and ASW deposited at very low temperature. More precisely, the libration band ͑orientational oscillation͒ observed in IINS spectra of ASW 31, 47 is found to be located between that of HDA ice and that associated with glassy water ͑HGW͒. When ASW is annealed around Tg ͑ϳ136 K͒, its libration band becomes identical to that of HGW. 32 Other spectroscopic studies using infrared absorption 48, 49 show that ASW deposited at very low temperature is indeed spectrally distinct from annealed ASW. In summary, the vibrational spectroscopies that probe essentially the local environment around each molecule and are less sensitive to the porosity of the material ͑by contrast with optical interference techniques͒, indicate that ASW deposited at low temperature is structurally different from HDA ice and converts into HGW after annealing around Tg. On the other hand, keeping in mind the above discussion, it is puzzling that electron diffraction data 44 on ASW deposited below 30 K exhibit diffraction peaks and oxygen-oxygen radial distribution functions very similar to that observed with HDA ice ͑see Fig. 2 of Ref. 44͑b͒͒. The situation becomes even more complicated if one emphasizes that electron microscopy studies 43, 50 have shown that when electron irradiation is applied to a sample of ASW deposited at a high enough temperature, it converts into a high-density form provided that the energy dose is sufficient. In fact, the higher the temperature of irradiation, the higher the electron dose required for the low-densityhigh density transformation. Consequently, it could be that at very low temperature (Tϳ10 K) that the electron dose required to perform an electron diffraction experiment is sufficient to promote the high-density form of ASW.
The effects of irradiation on the structure of water ice have been confirmed, since then by several studies using UV photons, 51 protons, 52 and ions. 53 The structural modifications revealed by electron diffraction scattering 51 and infrared absorption 52, 53 show that crystalline ice is amorphized by irradiation whatever the nature of the particles when T р80 K ͑above this temperature the crystal is resilient͒. Furthermore, the resulting amorphous phase seems to be altered by a further irradiation although the alteration cannot be assigned unambiguously to the appearance of a high-density phase. Actually, at the present time, the modifications induced by irradiation on the structure and properties of amorphous ice are still little known and because of their potential astrophysical implications, it deserves to be investigated with more scrutiny. This is one of the objectives of the present study.
The other objective is to investigate the structure, thermodynamic, and vibrational properties of vapor-deposited amorphous ice by molecular dynamics ͑MD͒ simulation. One guideline of our study is to simulate as realistically as possible the experimental conditions encountered in the literature and that have a strong influence on the morphology and properties of the amorphous deposit. In particular, special attention will be devoted to the deposition at very low temperature in order to obtain some new clues about the aforementioned controversy concerning the hypothetical relationship between ASW and HDA ice. Few simulation studies on ASW made by vapor deposition have been reported in the literature. The main works are those of Buch et al., 54 who studied by MD calculations the condensation of a few hundreds of water molecules on an initial embryo of cubic ice (Nϭ10 molecules) in order to shed some light on the structure of the resulting condensate. It was found that water molecules can exhibit a coordination number between 2-5, less coordinated molecules being those present at the free surface. A restructuring of the amorphous condensate with increasing temperature was also reported. In another study, Essmann and Geiger 55 simulated the slow deposition of water molecules on a substrate made of Lennard-Jones particles. Although the simulation was aimed to obtain a dense and homogeneous deposit, it was found to be deeply fissured, the denser part being that in contact with the substrate. Hence, it is difficult to draw an unambiguous conclusion concerning the existence of a high-density form for ASW deposited at low temperature. In a related work Wilson et al. 56 in depositing water molecules on a lamella of bulk amorphous ice ͑prepared from a quenched configuration of the liquid͒ obtained a microporous amorphous film whose the density profile varied strongly with the distance to the substrate. It was also found that the microporosity decreases when the water molecules impinge on the surface with a higher thermal velocity, and that the deposit becomes denser upon heating.
Moreover, the search for a high-density phase was still unsuccessful.
Whatever the case, the above simulation studies had a limited scope and did not pretend to be exhaustive and fully realistic with respect to experimental conditions. By contrast, the purpose of the present study is to evaluate the various properties of simulated ASW in such a way as to be able to compare them quantitatively with available experimental data and notably with other forms of amorphous ice. Thus, the parameters used in our simulations ͑force field, number of water molecules, long range corrections, geometry of the simulation cell͒ are the same as those used in a previous study ͑see the companion paper 46 ͒ dealing with pressureinduced amorphous ice and hyperquenched glassy water. So we will be in a position to compare the properties of all these amorphous ices on the same footing. In Sec. II the simulation method employed to obtain amorphous ice by vapor deposition is presented and the results discussed. Section III is devoted to irradiation effects on amorphous and crystalline ice by ion bombardment. The main results of this study are summarized in Sec. IV and put in perspective with the present state of the field.
II. VAPOR-DEPOSITED AMORPHOUS ICE

A. Computational details
An important step of a MD calculation is the determination of the force field describing the molecular interactions. It exists in the literature a vast choice of model potentials for water ͑for a review see Ref. 57͒, which are, in general, adjusted to reproduce the properties of liquid water near ambient conditions. Among these models, the three-site models are the most commonly used in simulation works because of their good accuracy to computer cost ratio. All the calculations presented here are based upon an empirical pair potential recently introduced by us. 58 The novelty of this three-site model is to use diffuse charges in addition to point charges on oxygen and hydrogen atoms in order to account for electronic penetration effects. Unlike most of the existing nonpolarizable models it does not require an enhanced dipole moment to reproduce accurately liquid state properties. In a previous study 46 we have used this model to simulate by MD the other forms of amorphous ice namely, HDA ice obtained by pressure-induced amorphization of cubic ice at low temperature, LDA ice resulting from the transformation of HDA ice upon heating, and glassy water ͑HGW͒ issued from a rapid cooling of the liquid. The overall agreement between the simulation results and a number of experimental properties of these amorphous ices is quite good, which indicates that the selected interaction potential is sufficiently realistic to describe low-temperature water in detail.
As far as vapor deposition is concerned, another important parameter of the simulation is the nature of the substrate on which the water molecules are condensed. Experimentally, different substrates are used in the literature to grow an amorphous ice film from the vapor ͑e.g., Au, Si, Ru, SiO 2 , Al 2 O 3 ,...). Several studies 36, 37, 48 have shown that the roughness of the substrate surface, its chemical composition, its hydrophilicity ͑or hydrophobicity͒ can play a role in the mor-phology and microporosity of the amorphous deposit. In particular, the effect induced by the substrate on the deposit affects the first few ice monolayers ͑ML͒ with weakly perturbing substrate ͑hydrophilic͒ and may extend up to 50 MLs with a highly hydrophobic surface. 36 Since our computer resources only allow one to simulate very thin amorphous ice films ͑ϳ10 MLs͒, it is important to choose the less perturbing substrate in this context. So discarding substrates modeled by hard spheres, Lennard-Jones particles, or a structureless surface ͑wall͒ whose corrugation effect is not easy to estimate, we have preferred to use as substrates a lamella of glassy water ͑HGW͒ and a lamella of cubic ice, respectively. As a matter of fact, because of the presence of dangling OH bonds and oxygen atoms protruding from the free surfaces of these lamella, it is expected that the impinging water molecules can adsorb easily on these very hydrophilic surfaces. Moreover, it is important to check if the substitution of a crystalline surface of cubic ice ͑001͒ to that of glassy water has an effect on the morphology of the deposit, especially in varying the temperature of deposition, if one remembers that every amorphous ice, whatever its type, transforms into cubic ice beyond the glass transition temperature. Last but not least, the lamella of glassy water and that of cubic ice will play the role of benchmarks when it will be the question to describe the properties of vapor-deposited amorphous ice.
In practice, the MD calculations were performed in the microcanonical ensemble ͑NVE͒ with periodic boundary conditions in all three dimensions. The long range interactions were handled by an Ewald sum adapted to the lamellar geometry investigated here ͑see below and Ref. 59͒. The equations of motion were solved with the Verlet algorithm in using a small time step ͑0.5 fs͒ to ensure an optimal conservation of energy. We have first prepared the two lamella acting as a substrate. Since the procedure is essentially the same as that described in the previous study, 46 we only summarize it briefly. A sample of liquid water composed of 512 molecules contained in a parallelepipedic box (l Z ϭ2l X ϭ2l Y ϳ40 A) is simulated at ambient conditions ͑0.997 g/cm 3 and 298 K͒. The simulation box is next extended along the Z direction (l Z ϭ8l X ϭ8l Y ϳ160 A) in order to provide two empty spaces, one on each Z side of the liquid slab. After equilibration, this geometry allows one to simulate the coexistence between a liquid slab at the center of the box and the vapor emanating from it. Hence, a change of temperature is sufficient to follow the saturation line ͑notice that N ϭ512 molecules is large enough to avoid any significant size dependence in the results 59 ͒. In the present case, starting from an equilibrated sample at room temperature ͑at this temperature there is virtually no molecules in the gas phase due to the very low pressure at saturation͒ and in applying a sufficiently rapid cooling rate, one can go through the supercooled states to reach the glassy state before crystallization takes place. However, in a MD simulation the cooling rate accessible with the computer resources is so large that crystallization is generally avoided ͑for a detailed discussion see Ref. 46͒ . In applying a cooling rate of 10 10 K/s ͑this is done by rescaling periodically the velocities of the molecules by a very small factor to ensure thermal equilibrium during the cooling͒, the liquid slab undergoes a glass transition around 172 K ͑see also Ref. 46͒. Although this latter value is significantly higher that the value assigned to the glass transition temperature in water ͑ϳ136 K; see Ref. 27͒, the thermodynamic properties, the structure, and the vibrational density of states of our simulated glassy water are in quite good agreement with the experimental data for hyperquenched glassy water. 46 In the following we will use the two opposite Z faces of the glassy lamella as cold surfaces for deposition.
For the crystalline lamella, we have prepared a parallelepipedic sample of cubic ice ͑diamond-type lattice͒ composed of Nϭ432 molecules (l Z ϭ2l X ϭ2l Y ϳ38 A), that is 24 crystalline planes perpendicular to the Z direction, and in leaving an empty space on each side of the crystal (l Z ϭ8l X ϭ8l Y ϳ152 A). The density of the crystal at zero pressure varies between 0.98 g/cm 3 near 0 K and 0.945 g/cm 3 at 200 K, as compared with around 0.93 g/cm 3 for real cubic ice at 150 K. Its lattice energy at 0 K is Ϫ55.9 kJ/mol, which compares well with an experimental evaluation around Ϫ57.3 kJ/mol ͑see Ref. 46 for a discussion͒. Furthermore, as our cubic ice lamella melts above 215 K, it is well suitable for deposition over a rather large temperature range ͑0-200 K͒.
In the Introduction we emphasized that experimental studies on vapor-deposited amorphous ice 34 -41 stressed the influence of the experimental conditions ͑temperature of deposition, intensity of the vapor flux, angular distribution of the incident molecular beam flux͒ on the ASW film morphology ͑porosity͒. Consequently, we have varied our simulation conditions for vapor deposition to estimate their influence on the deposit. Nevertheless, one has to be aware of the very high rate of deposition imposed by our limited computer resources. Thus the condensation of a few hundreds of molecules on an area of 400 A 2 requires a rate of deposition of the order of a few m/s to be tractable, as compared with experimental deposition rates about 10 Ϫ2 -10 2 A/s. So in a real experiment the time between two successive events ͑a molecule landing on the surface͒ at the same location is very long at the molecular time scale while it can be very short in the simulation, which could bias the results. In searching to minimize this problem we have, in a first attempt, inserted two water molecules into the simulation box: one in each free volume situated on both sides of the lamella. The position of molecule 1 was chosen randomly ͑as well as its orientation͒ and the position of molecule 2 deduced by symmetry (x 2 ϭϪx 1 , y 2 ϭϪy 1 , z 2 ϭϪz 1 ). The kinetic energy of the incident molecules was set equal to 300 K with an impulsion pointing perpendicularly to the facing cold surface or distributed in a cone of 60°. During the simulation run the equations of motion of the incident molecules and those of the molecules composing the lamella are solved. After a quasifree flight, the incident molecules hit the surface of the lamella and the velocities of the substrate molecules are rescaled to maintain a constant temperature of the lamella. After about 1000 MD steps, the impacting molecules are thermalized by collisional de-excitation and become adsorbed on the surface ͑notice that we have never observed a rebounding of a molecule impinging on the surface͒. The procedure is started all over again at regular intervals in introducing two new molecules in the empty spaces of the simulation box. However, to speed up the rate of deposition, the periodicity chosen for introducing new incident molecules is such that several molecules are traveling at the same time in each free volume of the simulation box. The procedure is ended when 512 water molecules were deposited on the glassy lamella ͑256 molecules on each side͒ and 432 water molecules on the crystalline lamella, respectively. But with this method it became rapidly obvious that the rate of deposition is too high and produces a very porous film whatever the angular distribution of the incident molecules. In fact, it happens frequently that several molecules strike the same area of the surface almost simultaneously. Indeed, during their free flight, the incident molecules are, on average, separated by 10 A ͑or less͒, and consequently they interact and tend to form clusters in the gas phase before landing on the interface. The net result is the formation of a highly porous film. Obviously, at the scale of our simulation box this microporosity only extends over a few molecular diameters and has nothing to do with macroporosity that is sometimes observed experimentally with fluffy or needlelike morphology for the deposit. So in order to produce a nonporous deposit each new incoming molecule is dropped with an initial velocity equivalent to 300 K at a random location in the (x,y) plane but at a z position above the surface which does not exceed one molecular diameter from the nearest molecule of the substrate. Moreover, all insertions of a new molecule in the immediate vicinity of a previous deposition event are rejected if the thermalization process of the latter one is not completed ͑this lasts about 1000 MD steps͒. This procedure guarantees that each molecule adsorbs on the surface independently from each other and that the time available for thermalization is sufficient before the molecule is buried by other incident molecules. For illustration, we present in Figs. 1 and 2, the density profile and a snapshot of the simulation cell at the end of a deposition process performed at 100 K on a glassy lamella ͑Fig. 1͒ and on a lamella of cubic ice ͑Fig. 2͒, respectively. One can see on the two figures that the deposit ͑one on each side of the corresponding lamella͒ is dense whatever the substrate ͑ϳ1.0 g/cm 3 on average͒ and nonporous with a clear free interface. Besides, in Fig. 1 , it is virtually impossible to distinguish on the density profile, the glassy lamella ͑issued from the liquid͒ from the amorphous deposit. The wiggling aspect of the density profile is due essentially to the small number of molecules composing each z slice ͑ϳ40 molecules per 3 A slice͒ and to the absence of diffusive motions on the time scale of the simulation. Nevertheless the average density evaluated on the total thickness is well defined and accurate ͑see below͒.
B. Results
The procedure of deposition was repeated at different temperatures, namely 10, 50, 100, and 150 K on the glassy lamella and 10, 50, 100, 150, and 200 K on the crystalline lamella. It took about 300 ps to deposit 512 molecules and a further equilibration run of 100 ps or more was necessary for energy relaxation. The time evolution of several indicators ͑density, potential energy, pair distribution functions͒ showed that no significant evolution of the morphology and properties of the amorphous deposits could be expected by continuing the simulation run ͑however, it is likely that a much larger system would exhibit a much longer relaxation time͒. The density of each amorphous film was evaluated by averaging over the thickness of the deposit and in excluding from the counting the first monolayers acting as an interface ͑vacuum-deposit, and deposit-substrate͒. The density values as a function of the temperature of deposition are reported in Fig. 3 for the two lamella. The density of the latter ones is also given for comparison. The density of our vapordeposited amorphous ice is in the range 0.985-1.035 g/cm 3 and is essentially independent of the temperature. Furthermore, the density of ASW matches that of glassy water ͑see Fig. 3͒ and is independent of the nature ͑amorphous or crystalline͒ of the substrate. Another important result is that there is no evidence for a high-density amorphous phase when FIG. 1. Density profile ͑top panel͒ and snapshot ͑bottom panel͒ of the amorphous film deposited on the glassy lamella at 100 K. In the upper panel, the dotted line corresponds to the average density of the substrate and the full line to that of the deposited film as a function of the Z coordinate. In the lower panel the empty circles represent the positions of the centers of mass of the water molecules of the substrate and the full circles are those of the deposit. Fig. 1 but for the deposition on cubic ice at 100 K.
FIG. 2. As in
water molecules are deposited at very low temperature ͑e.g., 10 K͒. On the other hand, our simulation results are in agreement with experimental data [38] [39] [40] using deposition conditions that promote the formation of nonporous ice films ͑normal incidence of the incident flux, effusive beam, very low operating pressure͒.
As reviewed previously, the use of background deposition ͑or omnidirectional deposition͒ at very low temperature or the recourse to supersonic flow conditions for the molecular beam generally produces a highly porous amorphous deposit characterized by a density much lower than 1.0 g/cm 3 . In the case of a supersonic beam, water clusters already form in the gas phase, because of the cooling generated by the supersonic expansion, before condensing on the cryoplate. In order to reproduce this cluster formation by MD simulation, we have proceeded in the following way. In an empty simulation cell ͑where l Z ϭ8l X ϭ8l Y ϳ160 A), we introduce at each Z end of the box a water molecule at a random location in the (x,y) plane. At these molecules are assigned an initial velocity corresponding to a temperature of 30 K, with a direction parallel to the Z axis and pointing toward the middle of the cell. This procedure is repeated every 2500 MD steps until a total number of 512 molecules is inserted ͑256 on each side of the box͒. During the insertion process, the velocities of the molecules are periodically rescaled to maintain a constant temperature of the system ͑30 K͒. This method allows one to grow two independent water clusters made of 256 molecules, whose shape is roughly cubic ͑the use of periodic boundary conditions transforms this cube into a slab perpendicular to the Z axis͒. Actually, during the insertion process, the molecules are quite close to each other ͑a few molecular diameters͒ and strongly interact. In maintaining the temperature of the system as low as 30 K ͑a temperature typical of supersonic flows and encountered in the interstellar medium͒, the water molecules rapidly form stable clusters, which, by aggregation, build up a large cluster ͑due to the initial conditions, each cluster is dragged at a very low speed toward the center of the box͒. The latter is highly porous with a rough surface and exhibits an average density around 0.62Ϯ0.06 g/cm 3 ͑evaluated from four independent clusters͒, a value in excellent agreement with experimental data obtained with omnidirectional deposition at low temperature. 34, 35, 40 A snapshot of one of these clusters is shown in Fig. 4 and is compared with a dense nonporous amorphous deposit. Upon heating the amorphous cluster densifies by local restructuring of the hydrogen bond network that eliminates step by step a number of cavities and voids. The evolution of the density with the temperature is shown in Fig. 5 for a heating rate of 0.1 K/ps ͑or 10 11 K/s). One sees that the density increases gradually from 0.62 g/cm 3 to reach the value characterizing nonporous amorphous ice ͑ϳ1.0 g/cm 3 ͒ only at a temperature well above Tg ͑ϳ172 K for our model͒. In fact, with the heating rate employed, the amorphous ice is not fully relaxed and it is necessary to anneal it isothermally at given temperatures along the heating pathway to evaluate the correct density evolution. The time relaxation of the potential energy and of the density of amorphous ice is presented in Fig. 6 at four different temperatures ͑78, 100, 150, and 175 K͒. It is noteworthy that several nanoseconds are necessary to relax the structure ͑the lower the temperature, the longer the time relaxation͒ and that the ice reconstruction sometimes proceeds by sudden changes ͑especially visible on the density curve at 78 K͒ corresponding to the collapse of cavities. This gradual process induced by annealing is well documented in spectroscopic studies. 48, 49 The final values of the density for apparently relaxed amorphous clusters are reported in Fig. 5 as a function of temperature ͑the vertical arrows show the density evolution during an isothermal annealing͒. The agreement with recent experimental data 40 obtained by omnidirectional deposition is remarkable ͑see Fig. 5͒ . In particular, the fact that porous amorphous ice becomes fully dense only in approaching Tg is well reproduced by the simulation ͑as emphasized earlier, Tgϳ136 K for real ASW while it is ϳ172 K in the simulation͒. On the other hand, the present quantitative agreement suggests that the porosity responsible for the density evolution with temperature in the deposition experiments reported in Fig. 5 is essentially at the scale of a nanometer, as seen in Fig. 4 . By contrast, a density much smaller than 0.6 g/cm 3 ͑ϳ0.2 g/cm 3 in Ref. 40͒, as observed in some deposition experiments, is likely the signature of a microporosity whose scale is far beyond that probed by the present simulation ͑e.g., in Ref. 60͒ .
From a more general point of view, when considering the description of the various forms of amorphous ice, their thermal properties play a central role. 61 The enthalpy associated with ASW obtained by vapor deposition is governed essentially by the potential energy since the PV contribution is negligible. The evaluation of the potential energy by MD is straightforward for the amorphous clusters but merits some comments in the case of the deposits. For the sake of argument, let us consider a model substrate ͑for instance a wall with a surface potential͒ on which the molecules are condensing. The potential energy, E, of the deposited film is the sum of two terms, E WW ϩE WS , where E WW is the interaction energy between the N water molecules of the deposit and E WS is the interaction energy between the molecules of the deposit and the substrate. At the thermodynamic limit, E becomes identical to E WW because the ratio E WS /E WW vanishes as 1/N. But when the thickness of the deposit is of the order of a few tens of monolayers, and if the substrate-water energy per particle (E WS /N) is no longer negligible with respect to the water-water interaction energy (E WW /N), the substrate may have a significant effect on the configuration of water molecules within the deposit. This simple remark explains why experimentally the morphology of amorphous films are occasionally affected by the nature of the substrate, 36 ,37 a perturbation that may propagate through several tens of monolayers. In the present case, the substrate is a lamella of water ice ͑glassy or crystalline͒ of finite thickness ͑ϳ24 MLs for cubic ice͒. The situation is then more intricate since the water molecules forming the deposit modify the configuration of the molecules belonging to the substrate. Hence, the potential energy of the deposit becomes E ϭE WW ϩE WS /2, the factor 1/2 indicating that the substratedeposit energy is shared equally between the molecules of the deposit and that of the substrate ͑correspondingly the interaction energy between the substrate molecules is equal to E SS ϩE WS /2). At the thermodynamic limit ͑the thickness of the deposit L→ϱ) one recovers the expected result E ϭE WW . In our simulation the thickness of the deposit in the Z direction is proportional to the number N of deposited molecules. In Fig. 7 is shown for illustration, the evolution of the potential energy E ͑per mole of deposited molecules͒ of the amorphous film with the number of deposited molecules at 50 K and its decomposition into E WW and E WS , respectively. The key point is that the thermodynamic limit is virtually reached after the deposition of about 60 molecules ͑ϳ3 MLs͒ and that this result is independent of the temperature of deposition ͑not shown͒ and of the glassy or crystalline nature of the substrate investigated here. ͑The very small residual drift exhibited by E in Fig. 7 when N is greater than ϳ60 is simply due to the structural relaxation between each deposition event͒. Actually this result is not unexpected if one notes that a substrate made of water molecules is certainly the least perturbing surface for depositing water molecules. In conclusion, the rapid convergence exhibited by the energy of the deposition justifies a posteriori our choice of a lamella of water ice as a substrate.
The evolution with temperature of the potential energy of our simulated samples of amorphous ice, deposit and cluster, are presented in Fig. 8 ͑notice that, for convenience, a factor equal to 3 RT was subtracted from the potential energy to account for harmonic motions in the amorphous state͒. For comparison, the potential energy of a lamella of cubic ice is shown as well as the evolution upon rapid cooling (10 Ϫ2 K/ps) of a lamella of water from the liquid phase to the glassy state ͑see Ref. 46͒. Since the MD calculations were performed in similar conditions for all these systems, their respective energy can be compared directly with each other. In the case of the amorphous cluster it is obvious in Fig. 8 ͑see full circles͒ that its potential energy is much higher than that of glassy water; the lower the temperature, the larger the deviation, and by contrast with the behavior of HGW its energy decreases when the temperature increases, except in approaching Tg, where the slope changes sign. Besides, at the glass transition temperature, the energy of the annealed amorphous cluster and that of HGW become identical to each other, as expected. A similar behavior is observed with vapor-deposited amorphous samples, but their energy values ͑see full triangles and squares in Fig. 8͒ are intermediate to that of porous ASW ͑cluster͒ and HGW. In this context it must be pointed out that experimentally it is known that vapor deposition produces larger configurational enthalpy than does liquid quenching. 62 Moreover, considering the statistical uncertainties of the calculations, the energy of the amorphous deposits is found to be essentially independent of the morphology ͑crystalline or glassy͒ of the substrate. The net conclusion is that our simulated ASW, whether it is porous or nonporous, is energetically different from glassy water except at Tg and beyond, where they match. We will see in the following that the investigation of structural and dynamical properties confirm this finding.
From the experimental point of view, only the heat of crystallization into cubic ice of annealed ASW above Tg is known, which is evaluated 27 around Ϫ1.29 kJ/mol at 150 K. The heat of crystallization of our simulated ASW amounts to Ϫ0.7 kJ/mol at Tg and Ϫ1.3 kJ/mol at 200 K in the supercooled liquid, respectively, in rather good agreement with the aforementioned experimental value. The entropy of our vapor-deposited amorphous ice was evaluated by using the quasiharmonic approximation that relates the entropy to the vibrational density of states ͑see the footnote 90 in Ref. 46͒. At 100 K we obtain 3.4 J mol Ϫ1 K Ϫ1 for the excess entropy of dense amorphous ice with respect to cubic ice, as compared with an experimental evaluation 63 amounting to 1.7 Ϯ1.7 J mol Ϫ1 K Ϫ1 at 150 K. However, it is the Gibbs free energy difference between ASW and cubic ice that was measured from the rate of evaporation of the two condensed phases, ⌬Gϭ1.1Ϯ0.1 kJ/mol. For the same quantity, but at 100 K, we obtain 1.2 kJ/mol in summing up the excess entropic and enthalpic contributions. This is an excellent agreement if one considers that ⌬G is weakly temperature dependent between 100 and 150 K, as suggested by the simulation results ͑not shown͒. On the other hand, the measurement of the rate of evaporation of amorphous ice has important implications for interstellar ices, 64 and its evolution with temperature is an indication of the ice structure ͑porosity͒. Thus, a strong variation of the evaporation rate with temperature and with the conditions of deposition was reported. 65, 66 The lower the temperature, the higher the evaporation rate ͑and ⌬G) of ASW with respect to crystalline ice. These observations support the energy-temperature diagram presented in Fig. 8, namely , an important increase of the excess energy of FIG. 7 . Evolution of the potential energy ͑E͒ of the amorphous film with the number of deposited molecules at 50 K ͑see the text͒. The interaction energy between the molecules of the deposit (E W-W ) and that between the deposit and the substrate (E W-S ) are also shown. FIG. 8 . Evolution of the potential energy with temperature for a variety of amorphous ices. The full triangles correspond to ASW deposited on glassy water ͑HGW͒, the full squares correspond to ASW deposited on cubic ice, and the full circles are for the porous cluster annealed at different temperatures. The curve ͑HGW͒ represents the evolution of the potential energy when cooling a liquid slab with a cooling rate of 0.01 K/ps. From this energy curve a glass transition temperature around 172 K can be deduced ͑see Ref. 46͒ . The empty squares represent the energy of cubic ice in the slab geometry investigated here ͑see the text͒. Notice that a contribution of 3RT was subtracted from the potential energy to account for harmonic motions in the solid state. amorphous ice at low temperature. In the case of porous ASW like our amorphous clusters, the calculated excess Gibbs energy amounts to 5.0 kJ/mol at 30 K ͑decomposed into ⌬Hϭ5.2 kJ/mol and ⌬Sϭ5.8 J mol Ϫ1 K Ϫ1 ) and leads to an evaporation rate eight orders of magnitude larger for the amorph than for the crystal.
One advantage of computer simulations is to make the connection between the thermodynamic properties discussed above and the underlying microscopic structure. Thus we have evaluated the oxygen-oxygen, oxygen-hydrogen, and hydrogen-hydrogen pair distribution functions ͑pdf͒ that are the basic functions to interpret the structure data given by x-ray and neutron scattering experiments. In order to minimize the surface effects in vapor-deposited amorphous ice coming from the water molecules located at the interfaces ͑free or in contact with the substrate͒ of our samples, we have excluded from the counting those molecules. In Fig.  9͑a͒ is presented the evolution of the oxygen-oxygen pdf with the temperature of deposition. Only the pdf of ASW deposited on the glassy lamella is shown because the corresponding function for the deposit on cubic ice is virtually indistinguishable. Whatever the temperature, the oxygenoxygen pdf presents a second peak around 4.5 A, which is the well-known signature of the three-dimensional ͑3-D͒ hydrogen bond network of water. Besides, the resemblance with the pdf for glassy water ͑HGW͒, also presented in Fig.  9͑a͒ for comparison, is striking. However, it is also clear that when the temperature of deposition decreases, a shoulder appears around 3.4 A, a value situated between the two first shell of neighbors. This feature is reminiscent of the interstitial peak characterizing HDA ice obtained by amorphization under pressure of hexagonal or cubic ice ͑see Sec. IV in Ref. 46 for a detailed discussion͒. Moreover, it has been shown that the interstitial peak in HDA ice originates from the occurrence of a fifth molecule ͑nonhydrogen bonded͒ in the first shell of neighbors surrounding a central molecule. The important point being that the enhancement of the molecular packing ͑and density͒ induced by the amorphization process originates from a distortion of the hydrogen bond network without a significant loss of hydrogen bonds. Nevertheless, in the present case, the density of nonporous ASW does not exceed ϳ1.0 g/cm 3 instead of ϳ1.16 g/cm 3 for HDA ice. So, to analyze what is happening in the amorphous deposit, the average position of the ten nearest neighbors around a central molecule is reported in Fig. 9͑a͒ ͓see the bars superimposed to g OO (r)]. The first peak of g OO (r) is composed of the four first neighbors that are well separated from the other ones, indicating that the first shell is essentially occupied by four water molecules all hydrogen bonded to a central one. By contrast, the molecules belonging to the second shell tend to penetrate into the separation with the first shell, the lower the temperature of deposition, the deeper the penetration. Thus the fifth molecule is found responsible for a shoulder around 3.4 A. Complementary information is given by the analysis of the average pair energy between a central molecule and its neighbors, where it is clear ͑not shown͒ that the first four neighbors are hydrogen bonded to a central one, the fourth being a little bit less tightly bound, while the fifth molecule and the other ones are nonbonded. In fact, as in the case of HDA ice, the penetration of the fifth molecule in the region separating the two first shells leads to a distortion of the tetrahedral configuration characterizing the first shell. This is illustrated in Fig. 10͑a͒ , where the O-O-O angular distribution between the oxygen atom of a central molecule and the oxygen atoms of its four nearest neighbors is shown. The appearing of nontetrahedral configurations around 80°and above 120°in amorphous ice deposited at low temperature, is the signature of such a distortion ͑compared with the angular distribution of HGW and cubic ice͒. Above 100 K, when amorphous ice progressively transforms into a phase similar to HGW, the distortion becomes barely visible. In summary, the deposition at very low temperature promotes a distortion of the hydrogen bond network without enhancement of the intrinsic density of the material ͑as indicated in Fig. 3 , the average density is essentially constant, ϳ1.0 g/cm 3 , whatever the temperature of deposition͒. By contrast, in HDA ice the distortion is generated by the amorphization ͒. In the case of our porous amorphous ice prepared by aggregation at 30 K, the evolution of the pdf and angular distribution function with the temperature is similar but not identical to that observed with vapor-deposited ice ͑see Figs. 9 and 10͒. Some differences are expected since, in the present case, the presence of voids and cages within the sample lowers the density, especially in the range 30-100 K ͑see Fig. 5͒ . Although the pdf probes essentially the local environment ͑about three shells or 7-8 A͒ that is sensitive mainly to the intrinsic density of the material and less to its microporosity, the presence of a significant population of dangling OH bonds at the interfaces is visible on the pdf. Thus, at 30 K, one notices ͓Fig. 9͑b͔͒ a weakening of the hydrogen bond between a central molecule and its fourth neighbor with respect to what happens in dense ASW. In the same way the fifth molecule and the other ones are situated at a higher distance, meaning that the local structure in porous ASW loosens somewhat. However, the similarity of the local structure between nonporous and porous amorphous ice supports the idea that the intrinsic density of ASW is nearly constant ͑ϳ1.0 g/cm 3 ͒ whatever the method of preparation ͑a related assertion has been reported in Ref. 67͒ and barely depends on the temperature of deposition or formation of the sample. This could explain some contradictory results in the literature when comparing data coming from different experimental techniques. For instance, optical techniques 34 and adsorption isotherm volumetry 68 are sensible to the ice porosity, infrared spectroscopy reveals the dangling OH bonds present at the free interfaces of the sample, 69 whereas x-ray and neutron scattering experiments give information essentially on the compact material.
To be complete it is worthwhile to compare our results with existing structural data for ASW made by deposition. The x-ray data of Narten et al. 42 are shown in Fig. 11 , both in the reciprocal space and in the real space, and are compared with our simulation results. The experimental diffraction pattern and its evolution with temperature is qualitatively described by the simulation in spite of some deviation in the magnitude and width of the diffraction peaks. These deviations can be assigned partly to cut off effects in the simulation results due to the limited size of our samples. In the real space, the Fourier transform of the structure factor is given essentially by the oxygen-oxygen pdf and a very small contribution of the O-H pdf ͓for a discussion about the relationship between S(k) and the pdfs see Ref. 58͔. One notices in Fig. 11 that the interstitial peak is sharp and well resolved in the experimental function at 10 K when it appears as a shoulder in the calculation. In considering more recent diffraction data ͓see Fig. 2 in Ref. 44͑b͔͒, we believe that the sharp peak in the Narten data is an artifact and must be understood as an indication of a broad shoulder on the low-R flank of the second peak of the pdf. Besides, the sharp peak has disappeared from the experimental data when the ASW sample is heated from 10 to 77 K. Considering these uncertainties, the agreement between simulation and experiment can be considered as satisfying even if new x-ray data on vapordeposited amorphous ice are certainly necessary.
Complementary information is given by neutron diffraction data that are more sensitive to hydrogen-hydrogen and oxygen-hydrogen correlations than to those for oxygenoxygen. In Fig. 12 is presented the intermolecular pair correlation function for neutrons as obtained by Chowdhury et al. 70 for vapor-deposited ice at 10 K, and its comparison with our simulation data at the same temperature. As the total pair correlation function is a weighted sum of the atom-atom pdfs ͓G(R)ϭ0.09g OO (R)ϩ0.49g OH (R)ϩ0.42g HH (R), see the decomposition in the figure͔, a cancellation effect between the three contributions may enhance small differences in the total function. For this reason a good reproduction of the neutron structure data is a stringent test for the simulation. Thus the position of the numerous peaks is rather well reproduced by the simulation, but the magnitude of these peaks are overestimated. Part of this discrepancy can be assigned to quantum effects that are not taken into account in the simulation and that tend to smooth the structure in real water, 71 especially at low temperature. 72 Useful information on the hydrogen bond network in amorphous ices can be obtained from infrared absorption, 29, [73] [74] [75] Raman scattering 76 -78 and incoherent inelastic neutron scattering. 31, 32, 47, 79 The latter technique gives a direct access to the vibrational density of states ͑VDOS͒ that sums up all kinds of intermolecular and intramolecular motions taking place in the solid. A majority of neutron scattering studies are focused on the intermolecular bands that cover the energy transfer range from a few meV ͑1 meVϭ8 cm Ϫ1 ͒ to about 120 meV ͑or ϳ960 cm Ϫ1 ͒ because these bands are intense and probe the rototranslational motions of the water molecules within the amorphous ice. A number of studies 31, 32, 47 have shown that the libration band ͑40-120 meV, or 320-960 cm Ϫ1 ͒ is characteristic of the amorphous ice under consideration. Thus, the libration band associated with ASW is found to be in between that of HDA ice, located at a lower frequency, and that assigned to HGW, located at a higher frequency, all these libration bands being shifted toward lower frequencies with respect to the band associated with cubic ice. For this reason it is concluded 47 that the strength of the hydrogen bonds in the corresponding network follows the hierarchy IcϾHGWϾASWϾHDA. To check whether the simulation is able to reproduce the above spectral feature, we have evaluated the power spectrum of the VDOS by taking the Fourier transform of the velocity time correlation function associated with hydrogen atoms ͑only these atoms are seen in an incoherent inelastic neutron scattering spectrum of water 31 ͒, this result being multiplied by a prefactor accounting for a detailed balance. The results are presented in Fig. 13 for our vapor-deposited amorphous ice at 10 K and are compared with the spectrum for HDA ice at 50 K ͑previously evaluated in Ref. 46͒, HGW at 78 K, and cubic ice at 78 K, respectively. In the 400-600 cm Ϫ1 frequency range, the following order is observed in going from low to high frequency, HDAϽASWϽHGWϽIc, an order consistent with experimental data ͑compare Fig. 13 with Fig.  2 
32͒. The fact that the libration band associated with ASW is found to be intermediate to HDA ice and HGW is expected after our previous discussion about the structure in amorphous ice. In our opinion, the low-frequency shift with respect to HGW is induced by the distortion of the hydrogen bond network taking place during the formation of the amorphous ice. To be complete notice also that our vapordeposited amorphous ice at 10 K generates a power spectrum that is almost indistinguishable from the one produced by our amorphous cluster ͑not shown͒. Moreover, at higher temperature and especially above 100 K, the power spectrum of ASW shifts gradually toward that of HGW and becomes identical after annealing at Tg ͑not shown͒.
III. IRRADIATED ICE
A. Preamble
As discussed briefly in the Introduction, in the interstellar medium the cosmic ices are subjected to a variety of radiation depending on their environment. For example, comets stored in the Kuiper belt or in the Oort cloud are exposed to the galactic cosmic-ray environment ͑mostly isotropic͒. The latter one is estimated 80 to be composed of 87% protons, 12% helium nuclei, and 1% heavier nuclei, electrons being in much less proportion. Hence, radiation processing of ices exposed to cosmic rays is dominated by protons in the MeV range. Whatever the nature of the incident particles, an important quantity when dealing with radiation effects is the energy dose ͑eV per molecule or eV per m 2 ͒ deposited in the material. Thus, the external layers ͑0.1-0.5 m͒ of a comet stored in the Oort cloud for about 4.6ϫ10 9 yr, is subjected to a cumulated irradiation dose 81 of ϳ600 eV/mol, a value that decreases to a few eV/mol in the deeper crust ͑ϳ10 m͒. Dust particles coated with icy mantles are subjected to UV irradiation in addition to cosmic rays when they are within molecular clouds. Depending on the density of the cloud ͑the denser the cloud, the higher the UV attenuation͒, the energy dose due to UV photons can vary over a large range (1 -10 6 eV/mol; see Ref. 80͒. Due to the small size of these icy grain mantles ͑ϳ200 nm thick͒ the entire mantle is processed by irradiation. For many years a great number of studies were dedicated to reproducing in the laboratory the cosmic ices and the space environment involving UV or ion processing. A majority of these studies were concerned with the formation of complex organic molecules induced by irradiation and very few of them were dedicated to the structural modifications experienced by the ice itself under ion bombardment or UV photolysis. A notable exception is the observation of a transition from crystalline to amorphous ice induced by UV photons, 51 proton irradiation, 52 and ion bombardment. 53 However, to our knowledge, the structure of the resulting amorphous ice has not yet been described by diffraction experiments. On the other hand, it was discovered by cryoelectron microscopy 43, 82 that an energetic electron beam causes the amorphization of cubic ͑or hexagonal͒ ice below 70 K, and that the electron dose required for this transition decreases drastically when the temperature decreases. The analysis of the electron diffraction pattern also suggests that the recovered amorphous phase ͑called I a h) could be of a higher density than the original ASW ͑called I a l) when the latter one is deposited at a liquid nitrogen temperature. In the same way, at temperatures below 70 K, electron irradiation transforms I a l into I a h. Notice that above ϳ90 K, cubic ice becomes resilient with respect to irradiation, while amorphous ice can be devitrified if a very high electron dose is used. 82 So in this context, it is worthwhile to investigate by MD simulation the behavior of an icy sample under irradiation and what kind of microscopic transformation occurs.
B. Method of computation
When irradiating a material, the choice of the radiation is not immaterial on the transformation undergone by the sample. UV photons on ice tend to break bonds, to ionize species, and to induce chemical reactions but the photon penetration is limited by optical attenuation. On the other hand, the effects generated by ion bombardment depend on the energy of the particles and of the stopping power of the ice. When a fast ion penetrates a solid, it loses its energy by two mechanisms:
83 by nuclear-elastic ͑knock-on͒ collisions and by electronic excitations and ionizations of the atoms. The stopping power ͑S͒ of a material, which is the energy loss per unit pathlength of the ion in the solid, can be approximated by the sum of a nuclear contribution plus an electronic contribution; SϭSnϩSe.
The maximum of the nuclear stopping power for protons in ice is in the keV range while it is in the MeV range for the electronic contribution. 84 In the latter case, electronic excitations are responsible for a new phenomenon, the sputtering of ice, 85 for which molecules and ions can be ejected from the surface. Although this mechanism has important astrophysical implications, 86 it is outside the scope of the present study. For heavy ions (He ϩ ,Ne ϩ ,O ϩ ,...), the electronic stopping power in the keV range and below, becomes negligible with respect to the nuclear one, 87 and only desexcitation by collisional cascade has to be taken into account. Since we are primarily interested in the transformation of ice structure under irradiation and not by the production and identification of new species, we restrict our model calculation to the bombardment by ions of relatively weak energy ͑less than 1 kev͒. In practice, we have submitted a lamella of glassy water and one of cubic ice, previously used for the deposition of water vapor, to the ion bombardment. However, if the energy of the incident ion is too large, its penetration depth may exceed the thickness of the lamella in leading to an unwanted sputtering of the target. So we have chosen a range of incident energy ͑10-100 eV͒ such that the penetration depth is smaller than the thickness of the lamella and, hence, all ions are stopped in the target. But in that case, called implantation-type experiment, the energy dose required to transform the ice is sufficiently high to consider the incident particles implanted in the target as a contaminating species that can blur the results ͑the bombarded target being at the end of the irradiation period a mixture of water and ions͒. To circumvent this problem we have bombarded the ice lamella with water molecules instead of ions. Notice that with our potential model for water, the molecules are rigid and nondissociable, so the incident molecules striking the target at very high velocity lose their energy only by elastic collisions with the water molecules of the target.
From a practical point of view, the MD simulations were performed with a lamella of glassy water ͑512 molecules͒ or cubic ice (Nϭ432) located at the middle of a parallelepipedic simulation cell. As before, periodic boundary conditions are used, and the equations of motion are solved within the microcanonical ensemble. The simulation starts by inserting a water molecule at a random location in each free volume situated on both sides of the target lamella. A high kinetic energy is assigned to each inserted molecules, the initial velocity being directed perpendicularly to the free surface of the lamella. By varying the energy of the incident molecules between 10 and 100 eV, it occurs that an energy of 35 eV ͑or 4.06ϫ10 5 K in the temperature scale͒ was a good compromise between penetration length ͑ϳ15 A͒ and thickness of the target ͑ϳ40 A͒. An important parameter in an irradiation experiment is the energy dose deposited in the material ͑as long as the electronic contribution to the stopping power can be neglected͒. For a fixed energy of the incident particles ͑here 35 eV͒ the energy dose deposited is simply proportional to the number of effective events for which the energy of the incident particle is yielded to the material. In the simulation, as for a real irradiation experiment, as soon as the energetic particle strikes the lamella, a cascade of collisions is initiated, where recoiling atoms absorb part of the incident energy. This leads to a transient increase of the temperature along the track core, a heating that is finally dissipated by thermal diffusion through the material. However, for a system of limited size such as the simulated one, it is crucial to restrict the thermal excess to the track core and avoiding that it propagates to the entire icy sample. A simple way to proceed is to rescale the velocities of all the molecules of the target ͑except the one of the incident particle͒ at each MD step to keep constant the temperature of the lamella. Other procedures are possible, as, for example, to make the lamella in contact with a thermal bath through an adjustable coupling constant to mimic heat conduction ͑e.g., in Ref. 88͒, but we believe that our simple method is sufficient for a first attempt. In proceeding that way the temperature associated with the molecules surrounding the track core is transiently very high while that corresponding to remote molecules is very low in order to keep constant the average temperature of the lamella. For illustration is presented in Fig. 14 the time evolution of the kinetic energy distribution function of the molecules of a glassy lamella maintained at 50 K during a collision event. One sees that the maximum of the distribution shifts toward lower energy ͑cooling͒ between time zero and tϭ100⌬t ͑where ⌬tϭ0.5 fs) and then shifts in the opposite direction ͑toward higher energies͒ between 100⌬t and 4000⌬t ͓see the sequence ͑a͒, ͑b͒, ͑c͒, and ͑d͒ in the figure͔. Correspondingly, the energy range between 2.10 2 and 10 4 K becomes densely populated in the distribution function at short time ͓see curve ͑c͒ in the figure͔ due to the excitations of the molecules along the track core, and diminishes gradually at longer times. However, several picoseconds are necessary for the system to recover thermal equilibrium.
From a more general point of view, it is noteworthy that the kind of MD simulations presented here to model ion bombardment is not completely new. In the last decade an abundant literature was devoted to the study by computer simulation of radiation damage in metals and ceramics. 88 -95 Thus, when a knock-on atom strikes a metal, it induces by displacement cascades point defects and local disordering that affect the properties of the material. In some cases the radiation damages are so important that the metal or the ceramic under irradiation is amorphized, a case currently investigated by MD simulations 96 -98 and that shares several common features with the present study ͑see also the footnote 99 ͒.
C. Results
To study irradiation effects on amorphous and cubic ice we have bombarded our target lamella with 35 eV water molecules at a rate of 1 strike per 10 3 MD steps on each Z side of the icy sample. Very scarcely an incident molecule rebounds on the surface of the target or causes a significant sputtering in penetrating the target, but these events have no important consequences on the results. The irradiation of cubic ice has been performed at 20, 50, and 100 K, and that of amorphous ice at 20, 50, 100, 150, and 200 K, respectively. The evolution of the potential energy of the lamella with the energy dose ͑expressed in keV/nm 2 ͒ deposited in the material is shown in Fig. 15 . One sees that after a rapid increase, the potential energy becomes invariant with the energy dose and so, whatever the temperature and the initial morphology of the lamella. When the bombardment sequence is interrupted, the irradiated samples present a short period of energy relaxation ͑of the order of 100 ps͒, the final values being significantly higher than those associated with the nonirradiated sample except at 200 K, where no significant change is observed ͑not shown͒. In fact, the potential energy of the irradiated sample is generally higher ͑not shown͒ than that associated with vapor-deposited amorphous ice presented in Fig. 8 . These findings suggest that below the glass transition temperature, the structure of the ice is deeply modified by the bombardment. Actually, and this is an important result of the present study, the amorphous ice densifies upon irradiation while cubic ice amorphizes into a phase denser than the original crystal ͑see Fig. 16 for a snapshot of the crystal after irradiation͒. This is illustrated in Fig. 17 , where the average density of the irradiated samples is presented as function of temperature. Notice that the central part of the lamella ͑ϳ10 A thick; see Fig. 16͒ is beyond the penetration length of the incident particles, and consequently this part was not taken into account for the density evaluation. The density is found significantly enhanced by irradiation whatever the temperature, but the higher the temperature the lower the density. Moreover, the value of the density after irradiation is independent of the original phase of the ice ͑amorphous or crystalline͒. Above the glass transition temperature there is virtually no densification, as expected. As far as the amorphization of cubic ice is concerned, we have not pursued our investigation above 100 K, but we believe that the amorphization process might be effective at a higher temperature. This seems to contradict the experimental data, 43, 51, 52, 82 which indicate that the amorphization of crystalline ice is not observed above 90 K whatever the kind of radiation used. As a matter of fact, a commonly accepted explanation is that irradiation tends to create defects in the lattice at any temperature, but at high enough temperature a restoration mechanism ͑activated process͒ takes place and renders the crystal insensitive to irradiation effects ͑for a discussion see Ref. 97͒ . In the present case, we believe that the quenching mechanism applied during the simulation to keep constant the temperature is so drastic that the crystal FIG. 14. Evolution with time of the kinetic energy distribution function for a glassy lamella maintained at 50 K and bombarded with a 35 eV water molecule. Curve ͑a͒ is 10 MD steps after the event, curve ͑b͒ is 30 MD steps after the event, curve ͑c͒ is 100 MD steps after the event, and ͑d͒ is 4000 MD steps after the event. The results are shown in a linear plot in the upper panel and in a log-log plot in the lower panel. In the latter case only curves ͑a͒ ͑see bold line͒ and ͑c͒ ͑see dots͒, are shown for convenience. In curve ͑c͒, notice the important population in the tail of the distribution at high energy due to the thermal excitation of the molecules along the track core. does not have enough time to repair itself between two successive events. In the same way the number of implanted molecules becomes very significant when the irradiation persists, a feature that certainly prevents the restoration mechanism to be very effective. Clearly, other simulation techniques have to be considered in that case.
However that may be, the important thing is that the simulation reproduces the irradiation-induced amorphization of cubic ice at low temperature and predicts, in addition, that the recovered amorphous sample is as dense as HDA ice made by pressurizing crystalline ice at liquid nitrogen temperature. A scenario for such an amorphization-densification process is the following. Along the trajectory of the impinging molecule the surrounding molecules are heated well above the melting temperature ͑and above the critical temperature as well͒. The corresponding hydrogen bonds are transiently broken as occurs in dense supercritical water when the temperature is higher than 1000 K ͑for a detailed discussion see Ref. 58͒, although the molecules remain confined by the packing of the ice all around them. The thermal spike vanishes in a few picoseconds by collision cascades with the other molecules of the sample, the net result being a quenching rate of the molecules of the track core as large as 10 15 K/s. These molecules are then trapped in a configuration of high energy corresponding to a distorted hydrogen bond network denser than the original one. To quantify this picture we have evaluated the oxygen-oxygen pair distribution function associated with our irradiated samples, by excluding from the counting the molecules located on the free interfaces and those situated within the central layers of the lamella that were not affected by the bombardment. The results for the irradiated glassy sample are presented in Fig. 18 at different temperatures, while those for the irradiated cubic ice are not shown because they are essentially indistinguishable from the former ones. It is clear that the lower the temperature, the more prominent is the interstitial peak around 3.4 A. The close resemblance of this feature with the one exhibited by HDA ice, also shown in the figure, is striking ͑see also Fig. 13 in Ref. 46 and compare͒. In the same way, the signature of the distortion of the hydrogen bond network is clearly apparent in the O-O-O angular distribution between a central molecule and its four nearest neighbors ͑see Fig. 19͒ . Like with HDA ice, the angular distribution of irradiated ice exhibits a pronounced shoulder around 80°. In summary, a high-density amorphous ice very similar structurally to HDA ice can be formed at low pressure by molecular bombardment.
Additional information is provided by the vibrational density of state associated with the hydrogen atoms. In Fig.  13 the power spectrum of the VDOS for irradiated amorphous ice ͑IASW͒ at 100 K is compared with that of HDA ice, glassy water, and cubic ice, respectively. The simulation predicts that an inelastic neutron scattering spectrum of ionirradiated ice should be virtually identical to that of HDA ice. As evoked earlier, there are very few experimental studies devoted to the investigation of the ice transformation under irradiation. 43, [51] [52] [53] 82 Among these, one work is particularly relevant for our purpose, 53 where the ice is irradiated with He ϩ ions in the keV range for which electronic excitations are negligible, a situation close to the simulation conditions. In this work, the structure of the irradiated ice is probed by infrared spectroscopy in the frequency region corresponding to the OH band. The amorphous ice recovered after irradiation of cubic ice at 10 K presents a band shape very similar to that exhibited by vapor-deposited amorphous ice ͑ASW͒ at about the same temperature. Unfortunately, the data are not accurate enough to give more detailed information on the structure of this ice. We hope that the present simulation study will promote new experimental work in the near future.
IV. CONCLUSION
With the purpose of clarifying a number of points raised in the experimental literature, we have investigated by molecular dynamics simulation the thermodynamics, the structure, and the vibrational properties of vapor-deposited amorphous ice ͑ASW͒ as well as the phase transformations experienced by crystalline and amorphous ice under ion bombardment. Concerning ASW, we have shown that by changing the conditions of the deposition process, it is possible to form either a nonporous amorphous deposit whose density ͑ϳ1.0 g/cm 3 ͒ is essentially invariant with the temperature of deposition, or a microporous sample whose density varies drastically upon temperature annealing ͑the higher the temperature, the larger the density͒. It is also found that ASW is energetically different from glassy water, except at the glass transition temperature and above. However, the analysis of the microscopic structure of the simulated samples suggests that the hydrogen bond network in the compact material is mostly independent of the microporosity of the amorph at a given temperature, even if the average density can be very different. On the other hand, the temperature of formation is found to be a key parameter for the properties of amorphous ice. Thus, at very low temperatures (Tр50 K), the oxygen-oxygen pair distribution function exhibits a shoulder at about 3.4 A, a feature highly reminiscent of the interstitial peak characterizing HDA ice and investigated previously. 46 In the same way the vibrational properties of ASW are found to be closer to that exhibited by HDA ice than to those associated with HGW. A low temperature of deposition favors the building of a distorted hydrogen bond network characterized by a significant deviation from the tetrahedral configuration, whereas on average each water molecule is hydrogen bonded to its four nearest neighbors. The fact that ASW, deposited at very low temperature, and HDA ice share some common structural features in spite of a completely different process of formation, sheds light on the controversy about the existence of a high-density phase made by vapor deposition. One is tempted to say that the simulation results presented here close the discussion in demonstrating that vapor-deposited amorphous ice at very low temperature is not as high a density phase as HDA ice ͑its density is ϳ1.0 g/cm 3 instead of ϳ1.16 g/cm 3 ͒, although its hydrogen bond network shows the same kind of angular distortion. On one hand the distortion is generated by the low temperature of deposition while, on the other hand, the distortion results from the pressure-induced amorphization of the crystal. Moreover, it is found that the excess enthalpy ͑and entropy͒ of ASW with respect to cubic ice increases drastically when the temperature of deposition is decreasing. The astrophysical implication of this finding is that the evaporation rate of interstellar amorphous ices are likely many orders of magnitude greater than that of their corresponding crystalline analogs, which may reduce their lifetime significantly.
In order to model the processing of interstellar ices by cosmic ray protons and heavy ions coming from the magnetospheric radiation environment around the giant planets, we have bombarded samples of amorphous ice and cubic ice with 35 eV water molecules. In this energy range the nuclear stopping power ͑collision cascades͒ dominates inelastic electronic absorption, which justifies the use of molecular dynamics calculations. An important simulation result is that after irradiation the recovered samples are found to be densified by the bombardment; the lower the temperature, the higher the density of the recovered sample. This densification is induced by the very fast quenching rate experienced by the molecules along the track core after the local temperature has been raised well above the critical temperature by collision cascade. It is noteworthy that vitreous silica is also known to densify under irradiation. 100, 101 Here also the rapid cooling that follows irradiation is found to be responsible for the densification. 102 Furthermore, when the ice under irradiation is crystalline, the sample thickness corresponding to the penetration length becomes amorphous and shows a density very similar to the one obtained when irradiating a sample of amorphous ice. The analysis of the structure and vibrational properties of this new high-density phase of amorphous ice shows a close relationship with those of HDA ice. Thus, it appears that the irradiation of amorphous or crystalline ice at low temperature by heavy ions of low energy ͑in the keV range͒ is a third way to produce a high-density amorphous phase of ice, after the well-known pressure-induced amorphization of ice I and the hyperquenching of liquid water maintained under pressure ͑for a brief review see Sec. I in Ref. 46͒ . So the observation of this phase in the laboratory could be important to improve our understanding of the phase diagram of low-temperature water and to better predict the evolution of cosmic ices in the interstellar medium.
